An anomalous analyzing power in the reaction 60 Ni (p, a) "Co (3/2+) is studied in the framework of distorted-waves Born approximation. The anomaly is well reproduced by calculations based on the form factors and spectroscopic amplitudes which are derived from microscopic model wave functions.
§I. Introduction
Analyzing powers have been recently measured for (P, a) reactions on eveneven targets using a 22-Me V polarized proton beam.ll.,l The measured analyzing powers show a strong J-dependence and are well reproduced, except for a few data, by the zero-range distorted-waves Born approximation (DWBA), which assumes that a triton cluster bound in a Woods-Saxon well is transferred.') The analyzing power for the reaction into the excited state 3/2+ of cobalt isotopes is the exception (see Fig. 1 ), therefore it may be called "anomalous". Although the reaction 4°C a (p, a) 37 K (3/2+) yields a similar analyzing power, it is well reproduced by the zero-range DWBA calculation.') The zero-range DWBA seems to be better for the reaction Ca (p, a) K (3/2') than for Ni (p, a) Co (3/2+); in the latter where one proton is picked up from a deeply bound orbit and two neutrons are picked up from an open shell, internal motions between the three nucleons are more 
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important and the triton cluster is not good assumption. Moreover it should be noticed that a 1/2+ state is lying lower than the 3/2+ state for cobalt isotopes, on the other hand the 3/2 ,. state is the ground state in 37 K. This suggests that the 3/2+ state of cobalt isotopes is not a pure 1d312 hole state, but consists partially of a 2s112 hole state coupled with a distortion of the nuclear surface. The HcutreeFock calculation 31 supports that "Ni is not inert, but rather deformable in oblate shape.
The main purpose of the present paper is to investigate how the anomalous analyzing power of the 3/2+ state reflects the nuclear structure of the state through the internal motions between transferred three nucleons. We employ the finite-range D\VBA and formulate in the next section the form factor and the spectroscopic amplitude for the reaction (P, a), according to the definition given by Satchler. 11 The microscopic description of three-nucleon transfer reactions has been already formulated by many authors, 5 l~sl therefore the details of the formulation will be omitted. In § 3 we shall introduce a nuclear model to estimate the effect of the surface distortion on the spectroscopic amplitude. Numerical results are given in § 4. § 2.
Formulation of transition matrix
We analyze the (P, a) reaction as a pick-up process. One proton and two neutrons, hereafter referred to as a triton, in the ground state of a target nucleus are picked up through direct interactions with an incoming proton; two nucleons behave as spectators and are transferred by the overlapping.
The nuclear matrix element for the DWBA transition matrix of a reaction A (p, a) B has the form 41 Here 1J!",1 (W n) is the wave function of the target (residual) nucleus and ¢a represents the internal state of the outgoing alpha-particle and X:m (P) the spin state of the incoming proton. The symbols ;B and ;, stand for the internal coordinates of the residual nucleus B and the triton. The definition of relative coordinates are shown in Fig. 2 . The relative coordinates rpt and r,n written in terms of the channel coordinates, rp,1 and ran, and the mass number A of the target:
The integration over ;B leads to the form The sum :2:: is over the angular momenta j 0 , j~> j, and J n· The former three specify the single-particle states occupied by one proton and two neutrons respectively, and the last is the angular-momentum transfer by the two neutrons. The target is chosen to be an even-even nucleus, and so .r, = 0 for the ground state. The Pauli principle is taken into account by (BI [j0,j1j 2 (Jn)] lA). This expansion coefficient depends on the nuclear structure of the target and residual nuclei and the details will be given in the next section.
We use a harmonic oscillator basis to describe single-particle states. It is well known that this basis makes the transformation of the coordinates by the Talmi coefficients easy, 91 though the tail of this wave function is not realistic. As ¢"
we choose the relative part of the shell model state (1s112) 4 : At first let us consider the part of proton-proton interaction, Vpo· The zero angular momenta of ¢ (r12 , tv") and [x (1) X (2)] 0° in Eq. (2 · 4) are then conserved.
In order to integrate on ~'' we transform the wave function of the triton in Eq. X (NnJ n (r n) 00 
Here the first sum is over n, A, 1V, L and l. where the form factor is given by
In this expression V (r) is a radial part of proton-proton interaction. The multi pole expansion of the form factor (2 · 7) can be easily done, the technique given by
Ref. 10) being employed. Equations (2 · 3) ~ (2 · 7) lead to the spectroscopic amplitude for the protonproton interaction,
where the sum is over j0 ,j~>j2 and Jn. The symbol OaA is the overlap integral of ¢(r12' tva) and ¢(r12, tvA), and v•S+I(pp) Stands for the strength of the protonproton central interaction with the total spin S.
Next we treat the parts of proton-proton interaction, Vp1 and Vp•· Owing to antisymmetry of two neutrons, vpl and vp2 give the same nuclear matrix element.
If the interactions, Vpo, Vp1 and VP"' have the same radial dependence, all the nuclear matrix elements take the same form factor (2 · 7). This can be seen by cyclic permutation of the labels "0, 1 and 2" in the triton. *l
The spectroscopic amplitude for the proton-neutron interaction can be given in the form
In this expression the factor ~2Sd + 1 comes from the rearrangement of the spin wave function in Eq. (2 · 4) to the form
and is the coefficient to transform @3~,i.!.j;Y n> (r0, r~> r.) in Eq. (2 · 3) to @3~/d; }/ •> (r., ro, r1) .
The total spectroscopic amplitude is the sum of Eqs. (2 · 8) and (2 · 9). At the end of this section we discuss what kinds of internal motions of the triton there are for the 3/2+ state (J B = 3/2). We assume that one proton is Most of our calculations were carried out using a a-type interaction for V (r) m Eq. (2 · 7). We have used also a Gaussian interaction for V , but this interaction makes little change in our cone! us ions obtained by the 6'-type interaction. The a-type interaction seems to take out the essence of the finite-range D\VBA.
An example of the comparison between two interactions is shown in Fig. 3 . The optical-model parameters used to calculate out theoretical curves are listed in Table   I . The parameters for the proton were taken from Ref. 14) ;mel for the a particle the parameters of Ref. 15 ) were a little modified to give a better iitting to the analyzing power of the (P, a) reaction to the ground state. 2 J A deep optical potential for the a particle is required to get a good fitting to the analyzing It indicates the following:
(1) The set (3200, 2) has the largest cross section. (2) Both sets (2301, 2) and (3101, 2) give the second largest cross sections, which are approximately one tenth that of (3200, 2).
The cross sections of sets (3101, 1) and (3002, 2) are of the same order as that of the set (3101,2) or a little less. ( 4) The other sets give very small cross sections. Roughly speaking, the cross section for a set (1'VLnA, l) decreases by one order as 2N + L decreases by one. Therefore it is reasonable to neglect the sets belonging to 2N + Ls6, except for (3002, 2). (5) If the value of the spectroscopic amplitude for (3200, 2) is of the same order as those for the other sets, the cross section and the analyzing power of the 3/2+ state are similar to the results obtaine~l from the zero-range DvVBA calculation (see Fig. 1 ).
Spectroscopic amplitudes are now estimated for 60 Ni (P, a) 57 Co following the treatment described in the last section. Our results are shown in Table II for From Table II we find that the values of spectroscopic amplitudes for the proton-neutron interaction depend strongly on mixing character of the interaction.
For such kinds of mixing character as Rosenfeld mixture and (u · u) (r · r), most of the contributions from Sa= 0 and Sa= 1 cancel each other for l = 2, and so the protonneutron interaction parts of these spectroscopic amplitudes become rather small. The spectroscopic amplitudes depend on the mixing amplitude 1j and here we choose the sign of r; such that the contributions from 1d312 and 2s112 hole states are destructive for (3200, 2). Then the contributions from the two hole states are constructive for (3101, 2) and destructive for (3101, 1). The dependence on r; of our theoretical analyzing power is shown in Fig. 5 . The zero-range DvVBA calculation gives a large negative value to the analyzing power around Oc;,r~50°, but this yal ue changes to be positive when the components (2301, 2) and (3101, 2) begin to give effective contributions. Around r;~0.8 our spectroscopic amplitudes for the main three components give constructive phase relations to make larger the analyzing povver around 6cM~50°. The components (3101, 1) plays an important role at forvVard angles. As r; increases from. 0.6 to 0.8, the ratio of the spectroscopic amplitude for (3101, 1) to that for (3200, 2) increases rapidly from 0.24 to 3.5. This leads to translation of a nodal angle of the analyzing power. The component (3101, 1) is also necessary to make the analyzing povver negative at forward angles (see Fig. 5 ). The contributions of (3002, 2) are almost negligible.
In Fig. 6 the best results (r; = 0.8) are compared with the experimental data.
Then the spectroscopic amplitudes take the values given in Table III . The theoretical curve fairly well explains qualitative features of the observed anomalous analyzing power. v\T e hJ.ve investigated a possibility to explJ.in the anomalous analyzing power of the 3/2+ state vvithin the framework of DvVBA. Our main assumption is the destructive interference bet1veen the states generated from a 1d312 hole and a 2s112
hole. Under this assumption we have shown that the anomaly can be explained by the internal motions of the transferred three nucleons. However we have taken no notice of the absolute value of the cross section by reason of employment of harmonic oscillator basis and a-type interaction. we here estimate only the ratio of the cross section for the 3/2+ state to that for the ground 7/2-state; the experimental value of this ratio is about 1/7 at ecl\1~50°, For the ground state we have chosen the set (3300, 3) and calculated its spectroscopic amplitude in a manner similar to the one given in § 3. If the 3/2+ state is purely generated from a 1d312, (2s 112) hole state and the triton is transferred through the only set (3200, 2), the theoretical value of this ratio is approximately equal to one (one half). This seems to support the assumption of the destructive interference, too. In the case of Fig. 6 the value of this ratio is approximately one-third of the experimental value. At forward angles the discrepancy between our theoretical cross Finite-Range D1VB~4 ilnalysis of Anomalous Analyzing Powers 1619 section and the experimental one becomes larger. These disagreements seem to be partially originated from the wrong tail of harmonic oscillator wave functions used in the form factor.
vVe also estimated spectroscopic amplitudes for the 58 Ni (t, a) 57 Co reaction using the wave functions described in § 3 and the value 17 = 0.8 of the mixing amplitude.
The zero-range D\VBA analysis for this reaction 16 l yields the ratio of the spectroscopic amplitude for the 3/2+ state to that for the ground 7/2-state. vVe calculated this ratio and obtained the theoretical value 0.85 which is close to the experimental value 0. 92. The sign of the mixing amplitude cannot be determined by one proton pick-up reactions.
